Cardiorespiratory responses to progressive exercise were examined in 38 children who had undergone heart (n=16), heart-lung (n=13), or double-lung (n=9) transplantation, and in 41 healthy controls. The four groups were similar in age, but the control subjects and heart transplant recipients were significantly larger than the heart-lung and lung recipients as assessed by body mass index (BMI). Time since transplant was significantly longer in the heart (601 days) compared with heart-lung (146 days) and lung (125 days) transplant groups. Physical work capacity and peak oxygen uptake were significantly reduced (43 to 64%7O of predicted) in the three transplant groups compared with the control group. Peak heart rate (percent predicted) was significantly higher in the control subjects (94%) compared with the heart (66%), heart-lung (70%76), and lung (77%) transplant recipients. Peak minute ventilation was significantly higher in the control (72.9 L/min) and heart transplant (51.0 L/min) groups than the heart-lung (37.4 L/min) and lung (41.3 L/min) transplant groups. The control group had a higher peak tidal volume than the three transplant groups, and a higher peak respiratory rate than the lung transplant recipients. Correlational analysis revealed that physical work capacity (PWC) was significantly related to heart rate at peak exercise (HRpeak) and minute ventilation at peak exercise (VEpeak) in the heart transplant recipients, BMI, VEpeak, Heart, heart-lung, and lung transplantation have become acceptable treatments for pediatric patients with end-stage cardiac disease, pulmonary disease, or both. Transplantation has prolonged lives and enabled many of the children to resume normal daily activities. Yet, little is known about the effects of heart, heart-lung, or lung transplantations on exercise tolerance in pediatric patients. Significantly reduced exercise capacity and oxygen uptake, heart rate, and minute ventilation' have been reported at peak exercise in adolescent heart transplant recipients.1 2 Research with adult heart, heart-lung, or lung
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The purpose of the present investigation was to examine and compare metabolic, cardiovascular, and ventilatory responses to peak exercise in pediatric heart, heart-lung, and lung transplant recipients, and to examine the interrelationships of these responses with physical work capacity (PWC) within each of the transplant groups.
METHODS Subjects
Sixteen heart, 13 heart-lung, and 9 double-lung transplant recipients, 20 years 16 The ratio of minute ventilation at peak exercise (VEpeak) to maximal voluntary ventilation (MVV) was calculated to provide an estimate of the proportion of mechanical ventilatory capacity utilized during peak exercise.
Hemoglobin level (gram percent) was measured on the day following the exercise test as part of the patient's regular care.
Data Analysis
Visual inspection of the data, and the Shapiro-Wilk17 test of normality revealed that several of the dependent measures were not normally distributed. Consequently, the data were analyzed using nonparametric statistics. Subject characteristics and exercise responses were compared among the control, heart, heart-lung, and lung transplant groups using Kruskal-Wallis analysis. Relationships between dependent variables were determined by Spearman rank correlational analysis. Level of significance was defined as p<0.05.
RESULTS

Subjects
Subject characteristics are presented in Table 1 . The four groups did not differ significantly in median age or height. Post hoc comparisons also indicated that weight did not differ significantly among the four groups. Body mass index (expressed in kilograms per square meter and percent predicted) was significantly lower in the heart-lung and lung transplant recipients compared with the control subjects and heart transplant recipients. Hemoglobin levels were subnormal in all but eight of the transplant recipients and did not differ significantly among the three patient groups. The number of days since transplant surgery was significantly greater in the heart transplant recipients compared with both the heart-lung and lung transplant recipients.
Forced expiratory volume in 1 s (percent predicted) was measured in the heart-lung and lung transplant recipients. In the heart-lung transplant group, FEV1 ranged from 31 to 107% predicted, with CHEST / 107/5/ MAY, 1995 1329 Table 2 . Physical work capacity and peak oxygen uptake were significantly reduced in the three transplant groups compared with the control group. The peak heart rates were close to age-predicted maximal values in the control subjects, but were significantly reduced in the three transplant groups. Patients in the lung transplant group tended to have higher peak heart rates than patients in the heart and heart-lung transplant groups, but the difference was not statistically significant.
Peak minute ventilation of the control group was significantly higher than the VEpeak of each transplant group. In addition, VEpeak in the heart transplant recipients was higher than VEpeak in the heart-lung and lung recipients. These differences persisted when VEpeak was corrected for height. Minute ventilation expressed per liter 02 consumed and per liter CO2 produced was significantly higher in the three transplant groups compared with the control group. Tidal volume at peak exercise was significantly higher in the control subjects than in heart, heart-lung, and lung transplant recipients. Respiratory rate was significantly lower in the lung transplant recipients compared with the control subjects and heart transplant recipients. Respiratory rate of the heart-lung recipients did not differ significantly from the other three groups. Peak minute ventilation expressed as a proportion of MVV varied widely, but in general was close to the normal range of 60 to 70%, and did not differ between heart-lung and lung transplant groups. Oxyhemoglobin saturation was significantly higher in the control group compared with three transplant groups. However, only two heart, one heart-lung, and two lung transplant recipients had values below 93% at peak exercise. End-tidal CO2 tension at peak exercise did not differ significantly among the control, heart, heart-lung, and lung transplant groups.
Correlational Analyses
The relationships between PWC (percent predicted) and subjects' characteristics and exercise re- sponses were determined separately for each group using Spearman rank-order correlational analysis ( Table 3) . As demonstrated in Figure 1 , BMI was significantly related to PWC in the heart-lung and A. lung transplant groups, but not in the heart or control groups. In the control group (Fig 1, top left) , all but one patient had a BMI >80% predicted, and all but one patient had a PWC .80% of predicted. In C.
HEART/LUNG HRpeak (% predicted) HRpeak (% predicted) FIGURE 2. Heart rate at peak exercise vs physical work capacity in the control (top left), heart (bottom left), heart-lung (top right), and lung (bottom right) transplant groups.
the heart-lung and lung recipients (Fig 1, right) , a higher BMI was associated with a higher PWC. However, despite most of the patients having a BMI >80% of predicted, all of the patients had a PWC <80% of predicted. In the heart recipients (Fig 1,  bottom left) , the correlation between PWC and BMI was not significant. All of the patients had a PWC <100% predicted, and patients with a BMI >140% or <80% tended to have lower PWCs. The correlations between PWC (percent predicted) and heart rate at peak exercise (percent predicted) were significant in the heart, lung, and control groups, but not in the heart-lung group. As is evident in Figure 2 , none of the heart, heart-lung, or lung transplant recipients had peak heart rates that exceeded 90% of predicted, while more than 50% of the control subjects' heart rates exceeded 90% predicted. Correspondingly, the PWCs of the transplant recipients were all below 90%, with nearly half the control subjects having a PWC 2100% of predicted. In the lung transplant group, only one patient had a peak heart rate below 73%, while more than half of the patients who had undergone heart or heart-lung transplantation had peak heart rates below this value. The lower peak heart rates corresponded with lower PWCs in the heart and lung transplant recipients, but not in the heart-lung recipients.
Peak minute ventilation (corrected for height) was highly related to PWC in the control and three transplant groups. Fifty percent of the control subjects had a VEpeak .0.47 L/min/cmheight. Only two heart recipients, one heart-lung recipient, and none of the lung patients had VEpeak .0.47 L/min/ cmheight. In all of the groups, a higher VEpeak was associated with a higher PWC (percent predicted). ) function (as measured by FEVI) was examined in the heart-lung and lung recipients. Significant positive correlations between FEV1 and PWC were apparent for both the heart-lung (r=0.80, p=0.002) and lung (r=0.84, p=0.005) transplant groups. In the heartlung group, two patients had an FEV, >100%
predicted, and their PWCs were the highest (>60% predicted). The remaining 11 patients had FEV, <100% predicted, including 3 patients with FEV, >80% predicted, and all of their PWCs were <60% predicted. In the lung transplant group, two patients had an FEVI >80% predicted and their PWCs were >60% predicted. The remaining seven patients had an FEV, <80% predicted and had PWCs <60% predicted. The VE/MVV was also examined in these patients to provide a measure of ventilatory reserve, and was found not to correlate significantly with PWC percent predicted in either the heart-lung or the lung transplant groups (r=-0.07 and r=0.20, respectively).
The number of days posttransplant was significantly related to PWC in the lung transplant group, but not in the heart or heart-lung transplant groups. End-tidal CO2 at peak exercise was inversely related to PWC in the heart transplant group, but the correlation was not significant in the control, heart-lung, or lung transplant groups. Oxyhemoglobin saturation, hemoglobin level, and age were not significant correlates of PWC in any of the four groups.
DISCUSSION
The results of this study indicate that exercise tolerance is diminished in pediatric patients who have undergone heart, heart-lung, or lung transplantations. Specifically, peak work capacity was 64, 48, and 43% of predicted values in the heart, heart-lung, and lung transplant groups, respectively. These values are consistent with those reported for adolescent heart transplant and adult heart and lung transplant recipients. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] There are multiple factors that may have contributed to the reduced work capacities observed in the pediatric transplant recipients.
First, the reduced work capacities were accompanied by peak heart rates that were substantially below age-predicted maximal levels. In the heart and heart-lung transplant recipients, the reduced peak heart rates may be attributed to cardiac denervation associated with heart transplantation.18 The lung transplant recipients also had lower peak heart rates, although their heart rates tended to reach higher values than those of the heart and heart-lung recipients. There is evidence that cardiac innervation may be interrupted during lung transplant surgery as well,19 which may account for the lung transplant recipients' subnormal heart rates at peak exercise. Exercise capacity may subsequently be a limited by lower peak heart rate, which would contribute to a lower cardiac output20 and a diminished oxygen supply to the exercising muscles.
Ventilatory factors may also contribute to the reduced exercise tolerance observed in the transplant recipients. The heart, heart-lung, and lung transplant groups had significantly diminished VEpeak compared with the control subjects, and the heart-lung and lung groups had significantly lower VEpeak than the heart transplant group. Despite the lower VEpeak, the VE/V02 and VE/VCO2 were higher in the three transplant groups compared with the control group. The higher VE may be needed to compensate for increased dead space during peak exercise in the transplant recipients or it may reflect greater lactic acidosis. 21 In the present investigation PaCO2 was not measured, and consequently, dead space could not be determined. The relatively normal SaO2 and endtidal CO2 values suggest that the minute ventilation was sufficient for adequate gas exchange in most of the patients.
It has been speculated that the pattern of ventilation may be altered in lung transplant recipients by pulmonary afferent denervation. Sciurba et a16 reported that adult lung transplant recipients utilized a greater VT to compensate for a reduced respiratory rate. In the present study, respiratory rate was lower in the lung transplant recipients but not in the heart-lung transplant recipients, and there was considerable variability within the two groups. In fact, there were several heart-lung and lung transplant recipients who had high respiratory rates at peak exercise. These patients may have utilized a higher respiratory rate to compensate for a lower tidal volume consistent with a pulmonary restrictive defect in the first few months following transplantation. '10 We also examined the ratio of peak minute ventilation to maximal voluntary ventilation (VE/MVV) as a measure of ventilatory reserve in the heart-lung and lung transplant recipients. In healthy subjects, VE/MVV is usually in the range of 60 to 70%,22 indicating that approximately 60 to 70% of the mechanical ventilatory capacity is used at peak exercise. Despite being somewhat elevated in several patients, VE/MVV was less than 100% in all but one lung transplant recipient. This finding suggests that maximal mechanical ventilatory capacity was not reached, and that factors other than ventilatory mechanics may be limiting exercise in these patients.
Airway obstruction may also contribute to reduced exercise capacity in the heart-lung and lung recipients. Correlational analysis indicated that FEV, percent predicted and PWC were highly correlated CHEST / 107/5/ MAY, 1995 1333 in the heart-lung and lung transplant groups. The contribution of FEV1 to PWC in these patients may reflect abnormal mucus clearance, infection, or rejection of the lung allograft.
Peripheral factors may also contribute to exercise tolerance in these patients. It 25 Furthermore, skeletal muscle structural and functional abnormalities have been reported in adult heart transplant recipients both prior to and 6 weeks following heart transplantation.26 Consequently, the low oxidative capacity of the working muscles related to physical deconditioning or the preexisting condition (congestive heart failure, chronic respiratory failure) may have played a major role in limiting our patients' exercise capacity following transplantation.
Exercise tolerance may also be affected indirectly by pharmacologic agents. All patients were taking either cyclosporine or FK 506 (tacrolimus) for immunosuppression. Both drugs have been shown to have hemolytic effects,27'28 and cyclosporine has been shown to inhibit erythropoietin production,29 which may contribute to the lower serum hemoglobin levels in transplant recipients. Although our sample sizes may be too small to yield significant relationships between PWC and hemoglobin level, anemia may be a factor that contributes to the reduced exercise capacities observed in the transplant recipients. In addition, cyclosporine has been shown to alter muscle metabolism.30 Most of the patients were also taking or had taken corticosteroids for immunosuppression. Corticosteroids have been shown to induce myopathy of skeletal muscles, including respiratory muscles, which may in turn diminish exercise capacity.31
Finally, the results of our study are somewhat biased in that only patients who were in clinically stable conditions were tested. No patient had evidence of chronic rejection. Rejection and infection were not controlled for in the statistical analyses, and their effects on exercise tolerance have yet to be determined.
It is also possible that the time since transplant surgery may have a significant effect on exercise tolerance. However, Hsu et a12 reported no significant differences in exercise capacity, Vo2peak, and peak heart rate in pediatric heart transplant recipients tested 1 year and 3 years after transplantation. In contrast, our finding of a significant correlation between PWC and number of days posttransplant in the lung transplant group suggests that exercise tolerance may improve with time posttransplant, supporting the need for standardization of testing posttransplant, particularly in the first year after surgery.
CONCLUSION
The results of our study have shown that children and adolescents who have undergone heart, heartlung, or lung transplantations have significantly reduced exercise tolerance as reflected in reduced peak work capacity and peak oxygen uptake. The reduced exercise tolerance may be associated with reduced cardiovascular and ventilatory responses, as well as subnormal nutritional status. Furthermore, exercise capacity may be diminished because of peripheral limitations associated with physical deconditioning, preexisting abnormal muscle structure and function, pharmacologic side effects, or a combination of these factors. The effects of infection and allograft rejection on exercise tolerance have yet to be determined. Future research is warranted to determine if exercise tolerance changes over time and if the changes are associated with cardiovascular, ventilatory, or peripheral factors, or a combination of these factors.
